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SECTION 1 
INTRODUCTION AND SUMMARY 
The basic objective of the present program is to perform an analytical assessment of 
potential methods for replenishing the audliary propulsion, fuel cell and life support 
cryogens aboard an orbiting space station. This report covers the work performed 
during the second quarter of the program. 
During this period the detail definition and analysis tasks associ ted with modular 
transfer were essentially completed. 
Under the system definition task, the overall modular transfer system was divided into; 
(1) Shuttle systems to meet ground fill and drain, boost and transfer requirements, (2) 
docking systems for orientation and lead in, capture and rigidization at the Space 
Station, and (3) service systems to provide electrical and fluid connection and sealing. 
With respect to the shuttle system, three basic modes of operation were investigated; 
(1) previously chilled and filled modular dewar tanks loaded on the Shuttle at some time 
before launch, (2) empty dewar tanks loaded on the Shuttle and filled during launch 
countdown, and (3) in orbit fill, in which tank modules insulated only for service in 
space are filled just prior to removal from the Shuttle from a dewar tank which remains 
in the shuttle. These modes were compared on the basis of weight, complexity, and 
operational requirements and mode 2 was chosen as having the greatest potential for 
the modular application. 
Various docking systems were also analyzed and compared. A triangular configuration 
for both the probe and receptacle was chosen as the most applicable. A weight 
advantage stems from the substitution of "hard" lines for "hard" surfaces to resist 
docking impact. This configuration envisions steel wear plates protecting the inner 
corners of the space station receptacle and replaceable aluminum bumpers on the tank 
probe corners. These bumpers would be replaceable during refurbishment as required. 
The initial contact must be made while oriented -b450 ; the tank is then guided mechanically 
to a precise capture orientation. The use of hooks with an eccentric motor drive 
mechanism was chosen as "best" to.provide the final capture and rigidization. 
Final connection for the transfer of fluids to and from the tank may be made concentrically, 
or separately by means of flexible or rigid connections. Most considerations weigh in 
favor of concentric connections. This arrangement is insensitive to orientation, 
simplifies operations, and reduces leakage paths for both heat and fluid. Also, rigid 
connections are favored over flexible (hose) primarily due to the fact that EVA would 
be required for hose connections. Due to the long space operation time the most 
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critical seal is the tank-to-spacecraft interface. This seal was thus made to be 
redundant, with the yielding elements mounted on the tank so that they may be 
maintained during refurbishment on earth. 
From the above subsystems analyses a final overall modular tank system was defined. 
Detail weight data were then developed over the full range of potential bottle sizes and 
operating pressures. The effects of using various fluids (L0 2 and 1H 2 ) were also 
considered and a detailed operational sequence outlined. 
The complete modular transfer data are presented in Section 2. 
Under a Convair lMAD (Independent Research and Development) program work was 
accomplished which is pertinent to the present subject of cryogenic propellant transfer 
in space. Under this program, subcritical line and receiver tank chilldown and fill 
analyses were accomplished and a computer code was developed to analyze the transfer 
of cryogenic fluids at supercritical pressures. 
To determine feedline and receiver tank pressures and temperatures under all 
anticipated transfer conditions the following four computer programs were developed; 
(1) transfer line chilldown program including two-phase flow calculations, (2) receiver 
tank chilldown program w'hich takes into account the actual liquid/vapor distribution to 
be expected in the tank, (3) combination of the preceeding line and tank chilldown program, 
where the outlet conditions of the line program are used as inlet for the tank program, 
and (4) receiver tank program where the tank wall is assumed to be a single node at a 
uniform temperature and the tank fluid is also a single node at a uniform temperature 
with any liquid present being in equilibrium with the vapor. 
The first three programs were originally written under Contract NASS-20362 and the 
IRAD program consisted essentially of conversion to the Convair computer system. 
In the case of the line chilldown program only the normal Fortran changes were 
required to adapt it to the Convair library. In the case of the other two programs a 
significant amount of symbolic language had to be converted to Fortran and the programs 
as initially run did not produce answers exactly like the sample problems. In the case 
of the receiver tank program errors were found to exist in the sample problem and 
output as presented in the original documentation. These errors were corrected in an 
updated version of the program and it is now considered to be operational and is 
incorporated into the Convair library. Also, in the case of the combination program 
the answers obtained appear to be reasonable, even though not agreeing exactly with 
the sample problem documentation. The final verification of this program will have to 
come when running it with problems for which reasonable answers can be determined 
by hand. 
The fourth program was written at Convair. 
For resupply of a cryogenic tank in space the maximum tank pressure and transfer times 
are the primary information needed. Implosion (tank pressure reduction below the 
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environment) would not be a significant factor and therefore a less sophisticated model 
than used in the development of program 2 would be applicable to a large share of the 
anticipated transfer problems. Also, in many cases the orientation of the receiver 
with respect to any acceleration vector is unknown and in this case a fluid equilibrium 
moael with complete mixing wouldbe most applicable. Such a receiver tank program 
was developed and is designed to be used with the NASB-20362 line chlldown program 
in order to perform overall systems analyses. 
Details of the above analyses and program developments are presented in Section 3. 
The computer code developed to analyze the transfer of cryogenic fluid (H2, N2 , and 
02) at supercritical pressures is described in detail in Section 4. Differential 
equations governing the effect of heat transfer and mass flow on tank pressure were 
derived. The equations for steady flow of a compressible fluid in a duct with heat 
transfer and friction were also developed. In these -relationships no ideal gas 
assumptions have been used, and the resulting thermodynamic data required is 
included in the program. The incorporation of consistent sets of data over the full 
operating range required -was a major factor in overall development of the program. 
A simple flow diagram, subroutine descriptions and Input/output lists are given for the 
code and a sample problem illustrates its use. 
During the next month detail system definitions and analyses will be initiated on the 
complete high pressure and intermediate pressure systems using the analytical 
models described above. 
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SECTION 2 
vtODULAR TRANSFER 
2.1 	 SYSTEM DEFINITION 
The 	interdependence of Space Station operation and docking, Shuttle operation, stowage 
and transfer method, and ground launch operations dictates that all must be considered 
simultaneously for the development of a system optimized for its total operational cycle. 
The 	mechanical docking system and the fluid handling system must be considered jointly 
in the selection of a baseline design concept for comparison with other methods of 
propellant transfer. The manufacturing tolerances and mating clearances of the two 
systems are additive; i.e., fluid sealing and valve actuating loads may be significant 
fractions of the structural loads borne by the docking mechanism - perhaps dominant 
in the low-gravity environment. 
The approach for the initial definition phase of this study was to select a gross concept 
providing the best performance for each subsystem; then to integrate the subsystems, 
while modifying the subsystem concepts as required for compatibility and improvement 
of overall system performance. 
The overall transfer system was divided into the following subsystems according to 
phases of the overall resupply operation. 
a. 	 Shutle systems to meet ground fill and drain, boost and transfer 
requirements. 
b. 	 Docking system for orientation and lead in, capture and rigidization at the Space 
Station. 
c. 	 Service systems to provide electrical and fluid connection and sealing at the Space 
Station. 
2.1.1 SHUTTLE SYSTEM OPERATIONS. Shuttle System operations will be considerdd 
only to the extent that operating philosophies affect the tank-to-spacecraft interface. 
With respect to the shuttle system, three basic modes of operation of the shuttle 
vehicle as a modular tanker were investigated. These are: 
a. 	 Previously chilled and filled modular dewar tanks loaded on the shuttle at some time 
before launch. 
b. 	 Empty dewar tanks loaded on the shuttle and filled during launch countdown. 
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c. In orbit fill, in which tank modules insulated only for service in space are filled 
just prior to removal from the shuttle from a dewar tank which remains in the 
shuttle. 
The 	above operational modes are described and compared in Figure 2-1. The 	various 
comparison criteria are discussed below. 
a. 	 Weight. Mode 1 has the weight advantage that no propellant loading ecjuipment is 
carried on board the Shuttle, while Mode 3 must carry a complete transfer system 
and additional tank. 
b. 	 Valve Sealing. Mode 1 requires an additional seal operating cycle per flight with
 
the attendant possibility of damage, while mode 3 tanks spend the least time
 
disconnected from an adapter.
 
c. 	 Shuttle Modification. In addition to the adapter and pressure monitoring and control 
required in Mode 1, Mode 2 must add tanking control, and Mode 3 must add tanking 
control and transfer control. 
d. 	 Complexity. Complexity is assumed to increase as on-boird functions are added 
and is closely tied to the Shuttle modifications above. 
e. 	 Flexibility. Mode 1 has no detanking capability after the bottles are installed, 
other than an abort dump. Mode 3 requires a pressurant loading to be sequenced 
during countdown, which detracts from countdown flexibility. 
f. 	 Inflight Work Load. Modes 1 and 2 are similar but Mode 3 requires an additional 
fluid transfer step. 
g. 	 Eety. The act of loading a full cryogenic tank (Mode 1) is inherently more 
hazardous than the transfer of fluid in pipes and hoses. Mode 3 probably will 
require a high pressure pneumatic bottle with its added hazard. 
Based on the data presented in Figure 2-1, Mode 2 was chosen as the operational
philopophy used to define configurations that affect the tank-spacecraft interface. 
Mode 1 was rejected primarily because of the operating hazard and complexity associ­
ated with ground transfer of filled dewars during the Shuttle countdown. Mode 3 was 
rejected because of the heavy demands on Shuttle payload capacity of an extra tank and 
fluid transfer equipment. Additional factors are operational complexity and reliability 
penalties. 
Several assumptions were required to develop the detail design concepts for the 
mechanical components of the system. The assumptions used are presented below. 
a. 	 The initial tank size to be considered is a 42.5 cubic ft sphere, containing 3000 
pounds of fluid at 100 psia. This corresponds to the nominal liquid oxygen transfer 
case. 2-2 
MODE I - LOAD MODE 2 - FILL PRE- MODE 3 - FILL IN 
- FULL TANKS LOADED TANKS FLIGHT 
PLACE FILLED AND FILL THRU CONNEC- FILL TANK FROM IN-
OPERATION CHILLED TANKS IN TION IN TANK FLIGHT SUPPLY 
SHUTTLE ADAPTER IN SHUTTLE BOTTLE 
Tank Module Requirements Dewar, takes Boost 
Loads Full 
Dewar, takes Boost 
Loads Full 
Tank modules only space­insulated, take boost 
loads empty. Supply isdewar. 
Relative Weight 3 2 1 
Merit Valve Seal Req'd 1 2 3 (Higher Shuttle Mod Req'd 3 2 1 
Number - Complexity 3 2 1 
Greater Operating Flex. 1 )3 z 
Merit) In-Flt. Work Load z 2 1 
Safety 1 3 2 
TOTAL 14 16 11 
Figure 2-1. Comparison of Shuttle System Operating Modes 
b. For tanking, a 1-1/2,, tubing sizeconnection is required. Service and thermal 
conditioning connections are 3/4" size. 
c. The detailed means of effecting transfer of the tank from the Shuttle to the, space­
craft is not a subject of this study, however, maneuvering accuracies to be 
expected during the docking operation are taken to be comparable to those 
experienced in the docking of the Gemini and Apollo spacecraft. 
handling modes to be expected are illustrated in Reference 2-1. 
Actual cargo 
d. Boost phase loading is 4.8 g longitudinal and 0.48 lateral with the service load 
being 10 ­ 4 g in any direction. 
e. A 12 conductor harness is used to monitor the mass and temperature of the tank 
contents. 
f. 	 Two sets of "hard" points must be provided: one set for attachment to the device 
which is to remove the tank from the Shuttle and mate it to the spacecraft, and 
one set, including fill and drain, vent, and monitoring connections for attachment 
to the Shuttle or the spacecraft. 
g. 	 The tank is to be transferred between the Shuttle and the spacecraft in the locked­
up condition. 
The orientation of the bottle in the Shuttle is governed by several considerations. Both a 
vent/pressurization connection and a fill/drain connection are required. To provide a 
more rapid drain capability in the event of an abort, it is desirable that the liquid
connection be open directly to the bottom of the tank as it sits in the Shuttle. Figure
2-7 illustrates the internal tank connections, with the annular opening for liquid fill 
and drain and the inner opening for vent and pressurization. 
Also, to minimize the loads induced by transverse bcoster acceleration, the support
points should be arranged symmetrically about a line parallel to the roll axis of the 
booster. For insertion and withdrawal from the adapter by the transfer device, the 
attach points should be well clear of the Shuttle and the motion in an inboard-outboard 
direction. 
Based on the above considerations the configuration shown in Figure 2-2 was developed.
The adapter shown in Figure 2-2- is locked in the position shown for fill and drain and 
in flight. For transfer of the tank, the adapter is unlocked and rotated 90' so as to­
deploy the tank for ready access bythe transfer device with the attach points exposed.
This arrangement also facilitates the insertion of the empty bottles in the horizontal 
Shuttle. 
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TRANSFER DEVICE 
ATTACH POINTS 
SHUT TLE 
CARGO HATCH 
TANK POSITION WITH 
ADAPTER ROTATED TODOCKING POSITION 
0 
ADAPTER 
- PIVOT POINT 
FILL & DRAIN/VENT (GROUND) 
Figure.2-2 
. Modular Tank Configuration as Installed in the Shuttle 
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2.1.2 DOCKING SYSTEM. 
2.1.2.1 Orientation and Lead-n. Three alternate configurations of orientation and
 
lead-in devices which were considered are shown in Figure 2-3.
 
A system which permits the tank to be docked inany orientation incurs a weight penalty,
due 	to the structural requirements of a "hard" ring capable of withstanding the structural 
attachment loads at any point, in contrast to the minimum three hard points necessary
when the tank can be oriented. Experience with Gemini and Apollo indicate that precise 
docking maneuvers are not only feasible, but relatively easy to perform. 
The 	comparison in Figure 2-3 shows a weight and operational advantage for the tri­
angular probe and receptacle configuration, which is compatible with both Shuttle and 
spacecraft. The weight advantage stems from the substitution of "hard" lines for 
"hard" surfaces to resist docking impact. This configuration envisions steel wear 
plates protecting the inner corners of the spacecraft receptacle and replaceable 
aluminum bumpers on the tank probe corners. These bumpers would be replaceable
during refurbishment as required. The initial contact must be made while oriented in 
roll 	within 45' of the final position; the tank is then guided mechanically to a precise 
capture orientation. 
2.1.2.2 Capture. The capture mechanism considered to best meet all the requirements
of the present application was the spring loaded hook. This device is considered to be 
the most simple, therefore the most reliable. Other possibilities include a ball-lock 
arrangement or an interrupted thread. All configurations shown in Figure 2-3 use only
3 hooks, to simplify rigging and eliminate tolerance problems-associated with larger 
numbers. 
2.1.2.3 Rigidizing. The generous clearances required for a practical capture 
maneuver are inconflict with the precise alignment required for the successful 
mating of the fluid and electrical connectors and the rigid attachment required for 
structural integrity. Therefore an additional operation is required to "cinch up" the 
tank after it is captured, and before the service connections are mated. This 
operation may be accomplished in several ways, as shown in Figure 2-4. 
All 	illustrated methods appear feasible, with the final selection more dependent upon 
tank size than upon any intrinsic advantage. Relative motion between the hook and the 
abutting surface of the receptacle, as shown in methods I and 4 of Figure 2-4, is, 
however, the most universally applicable over the full range of bottle sizes when 
considering the requirement for compatibility with the Shuttle as well as the spacecraft. 
Method 5 is competitive only if a gasket type seal is used. The various systems are 
discussed below in conjunction with the comparison criteria. 
a. 	 Complexity. Method 3 adds only a 3-way value to the basic capture mechanism to 
admit pressurized fluid (assumed to be available from other systems) to the 
snubbers, causing them to act as actuators, forcing the tank outward against the 
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CONICAL DROGUE,
 
MECHANICAL ROLL GEMINI TRIANGULAR
 
AFTER CAPTURE
 
WEIGHT 1 2 3
 
COMPLEXITY I z 3
 
ROLL SENSITIVITY 3 1 z
 
REFURBISHMENT 2 1 3
 
TOTAL 76 11
 
HIGHER NUMBER INDICA ES GREATER MERIT 
Figure 2-3. Orientation and Lead-In System Comparison 
1 2 3 4 S 5 
METHOD RETRACT HOOK" WEDGE HOOK PRESSURIZE JACKS SEAL PRESSURE SNUBBERJ 

'¢ 
COMPLEXITY 
WEIGHT 
LEAKAGE 
PRECISION OF 
POSITION 
3 
5 
5 
5 
1 
1 
5 
5 
54 
34 
15 
1 1 
2 
2 
TOTAL 18 1z 10 14 10 
HIGHER NUMBER INDICATES GREATER MERIT 
Figure 2-4. Comparison of Rigidization Methods 
hooks. Methods 1 and 4 add three electric-motor-driven actuators. Method 5 may 
require two probe actuators, due to incompatibility between seal pressure and 
rigidizing force requirements. Method 2 requires that the hooks be mechanically 
released and thendriven open to unlock. Locking forces would be high due to the 
feedback of hook loads to the locking device. 
c. 	 Weight. Method 3 adds only a valve and tubing, but in common with method 5 it 
increases hook loads (under lateral accelerations) over those induced by other 
methods due to the central location of the outboard component of the restoring 
couple. Method 2 may require a powerful unlatch drive to overcome, the tendency of 
friction to prevent hook disengagement. Methods 1 and 4 differ only in the small 
weight penalty to convert rotary to linear motion in the rigidizing actuators. 
d. 	 Leakage. Only method 3 incurs the penalty of added leakage paths - and that is in
 
the snubber actuating fluid system.
 
e. 	 Positioning. To obtain precise location of the fluid coupling, the tolerances of the 
hooks and their actuators should be removed from the overall tolerance buildup. 
Therefore methods 3, 4, and 5 were penalized in this area. 
Based on the data presented in Figure 2-4, method 1 was chosen as having the best 
potential for the present application. 
2.-1.3 SERVICE SYSTEMS. 
2.1.3.1 Electrical Connection. It is assumed that fluid quantity and condition 
monitoring requirements will be met by tank mounted equipment connected to the 
parent vehicle by a 12 conductor harness. 
With concentric fluid connections, it is the electrical, interface that imposes orientation 
requirements on the tank docking maneuver. Several methods of making the electrical 
connection in such a manner as to avoid the orientation requirement were examined and 
discarded as discussed below. 
a. 	 Arrange contacts concentrically to the fluid connection. This requiresa spacecraft­
mounted disconnect and switch to assure proper connections from a randomly 
oriented tank. This imposes a reliability and weight penalty felt to be unwarranted 
by the operating convenience of freedom from orientation requirements: 
b. 	 A conventional connector with sufficient harness length to permit manual connection 
from any orientation by a crewman external to the spacecraft. The requirement 
for EVA severely penalized this proposal; however if other simultaneous external 
operations require the presence of a crewman, this method should be reconsidered. 
c. 	 An arrangement similar to the above, but being connected by a through-hull manipu­
lator, was rejected because of its complexity and weight. 
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If the tank is correctly oriented, the electrical connection can be made remotely by a 
relatively simple, straight-line actuator with limited misalignment tolerance and a 
generous lead-in. This system, as shown below, was chosen as best for the present 
application. 
TANK-
ELECTRICAL 
________ 
__ s 
RECEPTACLE 
// ACTUATOR STROKE 
------ | 
PLUG -
- ju , 
t LATERAL FREE-
TRAVEL
 
DOCK---- + + 
Va ~-LINEAR ACTUATOR 
HARNESS -0 
2.1.3.2 Fluid Connection and External Sealink. 
a. Connection. Connection for the transfer of fluids to and from the tank may be made 
concentrically, or separately by means of flexible or rigid connections as illustrated 
in Figure 2-5. 
Essentially all important considerations weigh in favor of concentric fluid connect­
ions. This arrangement is insensitive to orientation, simplifies operations, and 
halves external leakage paths for both heat and fluid. 
The choice between flexible (hose) and rigid connections is also fairly clear. The 
hose connections require EVA to connect. Furthet, it would be difficult to 
effectively insulate the hoses. 
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SEPARATE CONCENTRIC
 
MANUALLY '
 
CONNECTED
 
HOSES
 
REMOTELY
 
ACTUATED
 
PROBES . 2. 
Figure 2-5. Various fluid connection schemes 
b. 	 Leakage. Acceptable leakage during launch and transfer is an order of magnitude 
higher than that permitted over the .6 months service. Leakage of the seal between 
the outlet and the recirculating line, with its pressure differential of 1 or 2 psi, 
would result only in reduced performance of the fluid conditioning system in service, 
or the venting of some liquid during chilldown and fill. The most critical seal, 
therefore, is the tank-to-spacecraft interface, failure of which results in a direct 
loss of fluid. 
This critical seal should be redundant, with the yielding elements mounted on the 
tank so that they may be maintained during refurbishment on earth. 
In the case of a 52!' tank, considering 10% fluid loss to leakage over the 6 month 
service life to be acceptable, a leakage rate of 1.4 x 10-8 cc/sec liquid would be 
indicated. The required quality of the seal, expressed as permissible leakage, is 
proportional to the volume of the tank. 
A compression seal would require 5000 to 7000 psi gasket load to maintain the 
required seal integrity. A 2. 0 inch diameter, .15 inch wide seal would then 
require that about 5000 pounds thrust be maintained under all conditions of 
structural and thermal deflections. In contrast, a probe using a self-energizing 
seal could be inserted, and the seal established, with a force less than 300 pounds. 
Thus a 500 pound linear actuator would suffice to drive the probe, and, as will be 
shown in the following discussions, actuate the valves as well. However, the 
wiping action of the self-energizing seal would incur the probability of damage to 
the probe from foreign matter in the form of axial scratches - a type of defect 
intolerable in the quality of seal required at the spacecraft. This problem then 
overrides the advantage for a low sealing force and the final seal, therefore, 
should be of the poppet arrangement - a configuration capable of functioning after 
sustaining damage from smaller particulate contaminants. It is noted that in the 
final configuration both a self energizing lip seal and a poppet seal occur in series 
to provide a form of redundancy against external leakage. 
After the tank is connected and sealed to the spacecraft or the Shuttle adapter, the 
service and recirculation paths must be opened. This may be accomplished by any of 
the means tabulated below. 
External 
Req'd Leakage 
Method Complexity EVA Path Weight Total 
Electric 2 5 3 2 12 
Manual 5 0 4 5 14 
Remote External 1 5 4 1 11 
Internal Poppet 4 5 5 5 19 
Pneumatic 3 5 2 3 13 
(High number assigned to greatest merit.) 
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The high figure of merit for the poppet assumes that it will be actuated by motion of the­
connecting probe after an external seal is established. Figure 2-6 illustrates the 
selected configuration for such a valve. 
hn the illustrated arrangement (Figure 2-6), the initial contact of the probe establishes
 
a seal between the outer tube of the probe and the lip seal. Immediately following the
 
establishment of this preliminary seal, 
 the nose of the probe contacts the recirculation
 
(inner) poppet. Acting against the inner poppet spring and internal tank pressure,
 
continued probe motion lifts the inner poppet from its 
seat in the outer poppet. This 
pressurizes the the probe cavity with tank contents, with loss of fluid prevented or
 
retarded by the lip seal. Relative motion between the inner and outer poppets continues
 
until the spherical end of the inner probe tube contacts and seals against a conical seat 
in the outer poppet. This contact seal separates the service outlet from the recirculating
connection and is subject to only the pressure differential that exists through the standpipe 
or recirculating duct to the opposite side of the tank. Continued probe motion now raises 
the outer poppet from its seal until a spherical collar on the outer probe tube contacts 
the final seal. Increasing thrust on the probe to establish the required final seal 
pressure completes the connection sequence. 
For disconnecting the tank, withdrawal of the probe reverses the sequence of events. 
2.1.4 OVERALL SYSTEM. Combining the preceding subsystems results in a tank and 
docking mechanism as shown in Figures 2-7 and 2-8. 
The tank consists of inner and outer spherical shells, with the evacuated annulus 
containing an eight-inch blanket of superinsulation. A reinforcing ring on the outer 
shell, or vacuum jacket, distributes point loads introduced by the docking mechanism. 
The inner shell is supported by low-conductivity struts connected, via fittings through 
the vacuum jacket, direct to the docking latch seats. 
These strut designs were developed at Convair under another program. Details are 
presented in Reference 2-2. It is noted that the mechanisms associated with the docking
probe or system connections are structurally attached to the outer jacket. This allows 
the heat transfer to the fluid and electrical lines to be isolated from the external 
environment in a manner similar to that used in conventional dewar design. 
The probe, a cylindrical extension of the vacuum jacket, contains and lodates the valve 
and its connections. It is supported by the docking rails, which extend from the nose 
of the probe to the latch seats on the reinforcing ring. 
The valve, located in the end of the probe, connects to the tank by two concentric CRES 
bellows. The inner bellows connect to a standpipe which extends to the opposite side of 
the tank. The annulus contained by the outer bellows connects the valve to the near 
side of the tank. 
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The standpipe is the fluid recirculating (and pressurization, if required) connection in 
flight, and vent connection on the ground or in the shuttle. In an abort condition it will 
also serve as a pressurization connection to assure rapid expulsion of the tank contents. 
The docking receptacle shown in Figure 2-8 consists of a triangular array of docking 
guides arranged to engage the docking rails on the tank at their junction wi th the 
reinforcing ring. 
As the tank probe enters the receptacle, the docking rails contact the snubber arms, and 
any excess tank closing velocity is dissipated by the snubbers. The tank is rotated 
during closing by interaction of the rails and guides to correct any roll misalignment 
as the rails nest in the apex of the angles formed by the guides. Pitch and yaw align­
ment is secured when the three latch seats are seated on the surface of the rails. 
A spring loaded hook at each apex engages the latch seat on the tank. The outer end of 
the hooks are ramped so that the latch seats will force the hooks outward until the seats 
have passed the ramps, when the springs will cause the hooks to engage the seats. The 
hooks pivot about an eccentric on their shafts. After the hooks are engaged and the 
tank is captured, the hook shafts are rotated by electric motors to draw the tank into 
final engagement with the receptacle, taking up the capture clearance, and preloading 
the hooks to a degree determined by motor stall torque. A worm gear in the motor gear 
train prevents the hook from driving the motor and becoming loose. 
Upon completion of the rigidizing step, the electrical connection can be made. A linear 
actuator drives the plug on the space station into the receptacle on the tank. 
The fluid connections are then made. This is accomplished by a linear actuator, driving 
the probe through a preloaded, constant load~spring, to a predetermined spring deflection. 
Thus sealing forces will be maintained over the range of thermal and load deflections 
of the supporting structure, probe and docking mechanism. 
Figure 2-9 shows the tank in the final docked position and Figure 2-10 shows details 
of the latching mechanism. 
2.2 DETAIL ANALYSIS AND DEVELOPMENT OF PARAMETRIC DATA 
2.2.1 WEIGHTS. To assist in selection of a tanking system, weight data must be 
determined for the range of sizes of tanks under investigation. The basic weight data 
are divided into that required for the inner pressure vessel, vacuum jacket, insulation 
and the various docking mechanisms. The overall system configuration as shown in 
Figures 2-7 through 2-10 represents the system for which the weights are generated. 
Reference 2-3 provides basic tank weight data on two sizes of tanks, 29.5 ft3 and 133 ft 3 . 
This source is considered to be a good basis for the development of generalized weight 
data, as the two vessels, while differing in volume by a factor of 4.5 to 1, share a 
common concept, material, criteria and design philosophy. The Reference 2-3 data 
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were used as a basis for the inner pressure vessel and vacuum jacket weights. 
Detail development of the various data is presented below. 
2.2. 1. 1 Inner Pressure Vessel. Wall thickness of the inner pressure vessel is 
PDV 
S =P = internal pressure, psiDv = vessel inside diameter, in 
S'= working stress, psi 
t wall thickness, in 
Weight of the pressure vessel is 
Wv = tApv A area, in2 
Pv vessel material density, lb/in3 
ATr Dv 2 Wv vessel weight 
TrP D3 
4SWv = 
When the weight of internal tubing, capillary orientation devices, support pads and 
weld bosses is included, the equation can be reduced to the form 
K2 
Wv= PKi Dv 
where K1 , 2 is empirically determined. From Reference 2-3, the weights of the 500-psi 
ptessure vessel components were segregated into two categories: 
Proportional to Pressure Unaffected by Pressure 
76 Inch Tank 761 lb 125 lb 
46 Inch Tank 172 lb 97 lb 
for 1500 psi vessels, the weights would be: 
76 inch: 761 x (1500/500) + 125 = 2410 
46 inch: 172 x (1500/500) + 97 = 614 
and for 100 psi vessels 
76 inch: 761 x (100/500) + 125 = 277 
46 inch: 172 x (100/500) + 97 = 131 
2-20 
The resulting data are presented parametrically in Figure 2-11. Fluid weights for a 
fill tank are also shown for reference. It is noted that a weight allowance is included 
for a capillary containment device as presented in Reference 2-3 which is considered 
to be typical of an expected low gravity transfer system. 
2.2.1.2 Vacuum Jacket and Insulation. The wall thickness of a homogeneous
 
spherical shell under external pressure, B psi is
 
t0=(B/E) I / Dv
 
1//2
 
W t A p - p. C(14.7/E)1/2 D.
 
or
 
where 
E - Young's modulus, 
C = constant 
Di =jacket diameter, in 
WJ= jacket weight, lb 
pj = jacket material density, lb/in3 
However, for any but the smallest vacuum vessels, nota homogeneous jacket is 
weight-economical. The section of the jacket is designed for bending rigidity,
resulting in a composite structure of skin and stiffeners, or honeycomb sandwich,
often with a comparatively thick section composed of minimum gage materials; Thus 
the above equation reduced to 
K5
 
w-K Dj
4 (2-1) 
provides empirical constants K4 and K5 which differ widely from the values anticipated 
in any simplified theoretical approach. It is noted that the vacuum jacket diameter and 
thus weight will be a function of the insulation thickness required. 
Individual weight data for the jacket and for various insulations are presented in 
Figures 2-12 and 2-13 respectively. IFigure 2-12 is based on Equation 2-1 with coefficients 
determined from the Reference 2-3 data such that 
.352D.1.5 
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2.2.1.3 Docking Mechanisms. To determine a baseline weight estimate for the 
components peculiar to a modular transfer system, these components were sized for 
the nominal 52" tank size under consideration. Assumptions used were: 
a. 	 Final docking velocity V = 1.0 ft/see 
b. 	 Total docking mechanism deflection 0.2 in., divided 2:1 between tank rail 
and receptacle guide. 
c. Eight inches of 1.3 lb/ft3 aniulation used. 
The docking impact load D, and boost phase latch loads L are illustrated in Figure 2-14. 
Axial travel S to arrest docking velocity 
S = .2 x sin 450 = .282"
 
Acceleration
 
=
A (V2 /2S) = 21,3 ft/sec2 average
 
Maximum acceleration = 2x average = 42.6 ft/sec2
 
From Figures 2-11, 2-12 and 2-13 the weights are 
Pressure vessel (100 psi). 158 
Jacket and insulation 265 
L0 2 2800 
3223 lb
 
Axial force = MA, [(3223 x 42.6)/32.2J = 4260 lb
 
Docking impact load, D = (4160/3 sin 450) = 2000 lb
 
Weights of individual items are developed below. 
a. 	 Docking Rail 
Deflection y = 0.20 x 1/3 =.067 
Length, L = 15 in. 
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LOADS: The docking impact loads "D" are shown for a 
600 roll error, which results in no roll correcting torque, 
but the maximum impact on structure. Latch loads "L" 
are for maximum transverse acceleration of .4 g, with 
0 g longitudinal. 
Figure 2-14. Illustration of Design Docking Loads 
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PL3Section modulus I = 2000 (15) = .21048 Ey 748 (10) (.067) 
DL 5
 
Stress .= 50,000
I 41 
4 IS 4 x .210 x 50,000
 
max DL 2000 x 15
 
The above properties, as well as torsional rigidity to resist eccentric loading 
from roll misalignment can be met by a hollow rectangular aluminum extrusion 
2.12 x 1.00 	x .062 wall, weighing .44 lb/ft, or a total of .44 x 15/12 = .6 lb. 
b. 	 Docking Guide 
Deflection, y = 0.20 x 2/3 = .133 
Length, L 32 in. 
DL 3 - 2000 (32) 3 I ...	 *344
 
48 Ey 48 	x 3.107 x .133 
C = LIS -44 x .344 x 100,000.=2 
. 1 4
 
max DL 2000 x 32
 
The above properties can be met by the rolled steel section shown below. 
1.12 
.09 - -­
2.15 
-- 2.25
 
At 2.43 lb/ft, or a total weight of 2.43 x.32/12 = 6.5 lb.
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c. 	 Latch System. Assuming a fluid seal load of 9000 lbs, the individual hook load 
will be 
'0+ x 3223= 4700 
3 18+ 9 
.5 
S 4700 4700 x 6 
.31 ×1.00­7 	 = 108,000 psi
.3 x 	I0+ 
. 31 x 1 .31 x (1) 
Hook 	Wt = .31inx 5in2 x .291b/in 3 =.5 lb 5SQIN --
Additional Weights: 	 0 
Hook shaft and bearings 1.0 lb 
1/16 Hp btor, 5000:lReducer,
 
aake 3.0 lb
 
Spring, Housing, lount 1.0 lb 
Unlatch Mechanism (at hook) .7 lb 
Snubber 	 3.0 lb 
Snubber Arm 	 3.0 lb 
Lower Rail Fitting 	 .3 lb 
Upper 	Rail Fitting .6 lb 
A total weight summary of the overall docking mechanism is presented in Table 
2-1. It is noted that only weights peculiar to the docking or modular transfer 
concept are included. 
d. 	 Weight Distribution. The modular method of fluid transfer requires installation 
of equipment in both spacecraft and shuttle. The estimated weights of this equip­
ment, based on the 52" example, are presented in Table 2-2. EQuipment installed 
on the tank, indicated by asterisk, is included in both shuttle and spacecraft, as 
it is assumed that (1) the spacecraft will be launched -withtanks on board, and 
(2) the shuttle will return an empty tank to earth for each tank carried into orbit. 
Column 1 contains weights directly proportional to tank weight. Column 2 contains 
weights peculiar to the latch system and are effected by both sealing loads and 
tank weight, and column 3 weights are fixed - independent of tank weights. 
2-28 
Table 2-1. Docking Mechanisms Weight Summary 
Docking Rail 
Docking Guide 
Hook 
Shaft and Bearings 
Motor 
Spring, etc. 
Unlatch Mechanism 
Snubber 
Snubber Arm 
Lower Rail Fitting 
Upper Rail Fitting 
Latch Mech. Other 
3 x .6 1.8 
3 x 6.5 19.5 
3 x .5 1.5 
3 x 1.0 3.0 
3 x 3.0 9.0 
3 x 1.0 3.0 
at Hook 	 3 x .7 2.1 
3 x 3.0 9.0 
3 x 3.0 9.0 
3 x .3 0.9 
3 x .6 1.8 
Remote Unlatch System 5.0 
Table 2-2. Weight Distribution 
Docking Guides 
Hooks and RelatedMechanisms 
Remote Unlatch 
Adapter Pivot Actuator 
Adapter Pivot Structure 
Electrical Connector Actuator 
*Docking Rails 
* Upper Fittings 
*Lower 	Fittings 
Probe and Actuator 
Total 
Shuttle Spacecraft 
1 2 3 1 2 3 
19.8 19.8 
18.6 18.6 
5.0 5.0 
5.0 
15.0 
5.0 
1.8 1.8 
1.8 1.8 
.9 .9 
25.0 25.0 
42.5 20.4 30.0 22.5 20.4 35.0 
Generalized equations for equipment weights were then derived from the above 
data and are plotted in Figure 2-15. Development of these equations is described 
below. 
For the Shuttle-mounted equipment, weights are the sum of 
K7 (Wt) = 42.5 when Wt = 3223 (Col. 1) 
K6 (3000 + .504 Wt) = 20.4 when Wt = 3223 (Col. 2) 
30 (Col. 3) 
where Wt is the total weight of tank and fluid excluding docking mechanisms. 
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Figure 2-15. Parametric Docking Systems Weights 
12 
1000 LB 
14 
Wt on Shuttle= .00441 (3000 + .504 Wt) + .0132 Wt+ 30- .015Wt + 43 
For spacecraft-mounted equipment, weights are the sum of 
K9 (Wt) 	 = 22.5 when W t = 3223 (Col. 1) 
K8 (3000 + .504 Wt), =20.4 when Wt - 3223 	 (Col. 2) 
35 
 (Col. 3) 
Wt on spacecraft = .00441 (3000+ .504 Wt)+ .00698 Wj + 35 --.0092 Wt + 48 
As an example of the use of the foregoing data, reiterating, the weight of the 52" 
tank with 8" of insulation at 1. 3 lb/ft3 can now be estimated as follows: 
From Figure 2-11: 	 Pressure Vessel (100 psi) 158 lb 
L02 2800 
From Figure 2-12: 	 Vacuum Jacket 200 
From Figure 2-13: 	 8" of 1.3# Insulation 69 
Subtotal 3227 
From Figure 2-15: 	 Docking Mechanism on Shuttle 91 
Docking Mechanism on Spacecraft 78 
Total, Excluding Contents 596 lb 
2.2.1.4 Effect of Separate Overall Designs for L02 and Lt 2 Tanks. For best operating 
flexibility, tanks should be interchangeable from LH2, L02 and LN2 service and it is 
noted that the previous weight data were developed on this basis. This, however, results 
in loss of payload utilization, as the tank containing LH2 will have heavier than necessary 
docking gear, and the L02 tank will have excess insulation. 
Using the preceding curves, weights of tanks designed for a specific service were 
determined and compared to the multi-purpose tank described previously. The data 
are presented below. 
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L0 2/LN 2 LH 2
 
Pressure Vessel (100 psi) 158 lb 158 lb 
Insulation Weight - 2" 18 
(13 lb/ft3 - 8" 69 
Jacket Weight 140 200 
Contents 2800 205 
Subtotal 3116 662 
Docking Mechanism on Shuttle 89 53 
Docking Mechanism on Spacecraft 77 54 
Total (Excluding Contents) 482 534 
Weight Saved Over Multipurpose Tank 117* 65 
*ft is noted that this figure could be reduced by the reduced boiloff from 
the multi-purpose tank, depending on mission requirements. 
2.2.2 OVERALL OPERATING SEQUENCE. With a modular fluid transfer system as 
defined in the preceding sections, the following operating procedure is proposed. 
2.2.2.1 Shuttle Preparation. To prepare the Shuttle for' its modular resupply mission, 
tank adapters, monitoring and control consoles, boiloff ducts, interconnecting harnesses, 
(and possibly abort pressurization equipment and dump ducts, if filled tanks cause the 
gross weight of the Shuttle to exceed landing maximum) must be installed and checked. 
If cargo fluids are common to Shuttle service fluids and single-point fill is used, Shuttle 
plumbing must be modified and a loading logic and control console and wiring installed. 
2.2.2.2 Preflight. During countdown the cargo tanks are filled in sequence with the 
Shuttle tanks. 
2.2.2.3 Inflight. During boost into orbit, crew duties will consist of monitoring tank 
conditions and pressure control function. 
If abort conditions require a reduction of weight, or safety considerations require the 
jettison of cargo fluid, the tank contents will be blown overboard. 
2.2.2.4 Tank Transfer. After the Shuffle is docked to the spacecraft, transfer of the 
tanks is begun. The nature of this process is dependent upon the characteristics of the 
Shuttle. 
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If the Shuttle payload is weight-limited rather than volume-limited, a "blind" adapter, 
without fluid connections, may be installed in the cargo area to receive the first empty 
tank. 
The expended tank, while still on the spacecraft, is vented to 14 psi. This pressure 
will minimize contamination from any leakage, while preventing collapse of the pressure 
vessel in the event of a leak in the vacuum jacket on re-entry into the atmosphere. 
An alternate procedure, which may be necessitated by presently undetermined space­
craft operating methods, is to vent the tank completely. The Shuttle adapter would 
then be equipped with a probe to maintain at least one of the tank valves in the open 
position to vent gas from any solidified residue in the tank, and to prevent a vacuum 
in the pressure vessel on re-entry. 
After the expended tank is secured to the transfer device, it is demated from the 
spacecraft by withdrawing the fluid probe and electrical connector, then removing 
latch load by rotating the hook shafts to the "loose" position, and finally actuating 
the unlatch mechanism which retracts the hooks. The expended tank is removed from 
the spacecraft and placed in the adapter in the Shuttle, and secured. The transfer 
device is transferred to the full tank, which is then demated from the Shuttle in the 
same manner as the expended tank was demated from the spacecraft. The full tank is 
transferred to and mated to the spacecraft. Detaching the transfer device from the 
tank completes the operating cycle. 
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SECTION 3 
LINE AND RECEIVER TANK CHILLDOWN 
The work presented in this section was performed under the Convair 1970 Independent 
Research and Development (IRAD) program and is reported herein only for reference as 
it relates to the pertinent subject of cryogenic propellant transfer in space. 
At initiation of fluid transfer into a warm line and/or tank a significant-amount of fluid 
vaporization can occur. This vaporization can result in either a large loss of fluid 
during chilldown where tank venting is provided or a high tank pressure rise where 
venting is not provided. in the case of a locked up tank the tank weight increase re­
quired to accommodate the resulting pressure rise can be significant.
 
Also, it is noted that under certain transfer conditions the pressure in the receiver 
tank can momentarily decrease below it's initial value. This can cause tank implosion
and potential tank collapse if the pressure falls below that of the environment. 
The transient conditions which can cause implosion are especially complex and depend
basically on the relative cooling of the tank wall and any warm vapor initially in the 
tank. Therefore, in this case, the incoming liquid droplet dispersion with respect to 
the tank wall and ullage is important. Also, when tank venting is accomplished during
chilldown the thermodynamic state or energy of the vent gas becomes important. As 
an example, analyses presented in Reference 3-1 show that a minimum fluid chilldown 
requirement is obtained when the vent fluid leaves the system at a temperature equal 
to the warmest part of the vessel being chilled. The data in Reference S-1 shows a 
vent requirement for this "%est" case, of approximately one-third of that when venting 
vapor saturated at the fluid inlet condition. Thesb particular data are for chilling a 
hydrogen tank from' 5000 R to 400R. 
The object of the IRAD program was then to develop analytical techniques
for determining transfer line and receiver tank pressures, temperature and fluid con­
ditions during chilldown and fill. A total of four computer programs have been de-. 
veloped for this purpose: 
1. 	 A transfer line ohilldown program including two-phase flow calculations, 
2. 	 A receiver tank chilldown program which takes into account the actual liquid/vapor 
distribution to be expected in the tank, 
3. 	 A combination of the above line and tank chilldown program, where the outlet con­
ditions of the line program are used as inlet for the tank program, and 
3-1 
4. 	A receiver tank program where the tank wall is assumed to be a single node at-a 
uniform temperature and the tank fluid is also a single node at a uniform tempera­
ture with any liquid present being in equilibrium with the vapor. 
The first three programs were actually written under Contract NAS8-20362 and the cur­
rent IRAD program consisted essentially of conversion to the Convair computer system. 
The fourth program was written at Convair under the IRAD program and is discussed in 
detail in Paragraph 3.3. 
The line chilldown program is basically the same as described in Reference 3-2 and 
only the normal Fortran changes were required to adapt it to the Convair library as 
Program P5065. 
Conversion of the receiver tank and combination programs to the Convair system were, 
however, more complicated. The conversions accomplished on these programs are 
discussed in the following paragraphs. 
3.1 NON-EQUILIBRIUM RECEIVER TANK PROGRAM 
This program was developed by Lockheed, Sunnyvale under Contract NAS8-20362 and 
it's basic characteristics are described in Reference 3-3. There were, however, some 
discrepancies found in the program listing and sample problem as described in Ref­
erence 3-3. Also, a significant amount of symbolic language existing in the Lockheed 
version had to be converted to Fortran for use at Convair. 
A card deck was received from NASA-MSFC and the initial conversion resulted in 
answers which differed significantly from the sample data presented in Reference 3-3. 
A subsequent detailed comparison between the listings in Reference 3-3 and the actual 
card deck indicated that some additional logic had been added to the MODE 18 sub­
routine. Changing the card deck to remove this logic and thus make the program agree 
with the Reference 3-3 listing resulted in-exactly the same answers as the sample prob­
lem. The added logic is presented below and occurs immediately after statement num­
ber 515 in the overall listing. 
QA ='E13*EI2*(F1O-FS) 
QB = FFDS*(1. -X)*FINDD(7,2) 
IF(QA-QB)832,832,833­
833 QA=QB 
832 
The above logic basically limits the amount of heat transferred to the dispersed liquid 
to that which will vaporize all of the. incoming liquid. Contact was made with Lockheed 
and they indicated that the addition of this logic was an improvement to the program. 
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The corrected sample problem answers are much more reasonable than those
 
presented in Reference 3-3. Instead of the tank pressure going down to 1.7 psia
it goes only to a minimum of 13.2 psia. 
 It is felt that the program has satisfactorily
been checked out and this program is incorporated in the Convair library as Program 
P5240. 
3.2 LINE CHILLDOWN/NON-EQUILIBRIUM RECEIVER TANK COMBINATION PRO-
GRAM 
This program is essentially just a combination of the line chilidown and receiver tank programs discussed previously. There were, however, some differences in order to
allow for choked flow in the transfer line and for a programmed pressure drop at theline inlet in order to simulate the operation of a flow valve. The calculation of surge 
pressures was also added. The basic characteristics of the program are described in 
further detail in Reference 3-4. 
A summary of the steps taken to convert this program to the Convair system is pre­
sented below.
 
The source deck received from NASA-MSFC was converted, compiled and went into

execution. 
 The first thing noticed was that the data deck was substantially differentfrom that in Reference 3-4. The deck received appeared to be for oxygen and the 
sample problem in Reference 3-4 was for hydrogen. 
The data deck from Reference 3 -4 was then punched up and the program run with this 
newly-punched data. The results did not exactly agree with the report. 
Having experienced a similar problem in the conversion of P5240 (TNKFIL) and having
traced the difference in results to differences in the program received from that used 
to generate the results in the report, an examination of the program for such differ­
ences was made. The Convair program listing was checked wherever possible with 
the listing in the report (this was however, possible only for a small portion of theprogram). The rest of the program was compared with the TNKFIL program or the 
Transfer Line program whichever was appropriate. The following results from the 
comparison are noted. 
1. The main program agreed with that given in the report. In comparison with the
main program of TNKFIL (P5240), it appears that three statements had somehow 
gotten out of place. The three cards are: 
RCELL(I)=RCELL(DFRS T) 
IHUKO=IHUKX+1 
J KOU=JHUK(X+1 
In 	TNKFIL they appear immediately after statement #7057. In the report listing 
for the complete system they appear three statements higher (before) statement 
#7057. The program was tried both ways. No significant differences resulted 
from the different positions. 
2. 	 Subroutines CYCLE, BLOCKDATA, MODE00, M(DE09, 4UTPUT, M(DE17, 
M( DE18, and FIW were compared with the listing in the report and found to 
agree exactly. 
3. 	 MQ(DE08 was compared with the listing in the report and found to be substantially 
different in the computations of heat transfer coefficients and areas. The sub­
routine was changed to agree exactly with the report. The case was re-run and 
different results achieved. The results still did not, however, agree exactly with 
those in the report. 
4. 	 The eleven symbolic subroutines were compared with their counterparts in TNKFIL 
and they were identical except in two cases: 
a. 	 JSIGN had the following card duplicated - SSL AO, 35 - i.e., this card appeared 
twice in succession. 
b. 	 In DTRANS the following card also appearcd twice in succession - J CHECK 
It was concluded that in both cases there shall only be one of the cards (both 
would be meaningless) and that an error occurred when the deck was punched 
before it was sent out. Under this assumption, the converteddecks of these 
symbolic subroutines were accepted as beng correct. 
5. 	 Other subroutines with counterparts in TNKFIL were compared with them hnd 
found to agree. 
6. 	 The remainder of the subroutines had counterparts in the Transfer Line program. 
Comparisons were made and the following noted: 
a. 	 Major differences in subroutines FLWTPH and WRTCIT. 
b. 	 Minor (in terms of number of statements, not necessarily in effect) differences 
in subroutines READIN, REA1YT, FLWLIQ and FLWVAP. 
The above differences are likely due to the addition-of the choking, pressure drop 
and surge calculations as discussed in Reference 34. 
c. 	 The rest of the subroutines agreed exactly with the listing of the Transfer Line 
program. 
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At this point, the prdgiam appears to agree with that used to generate the results givenin Reference 3-4. That the results do not agree exactly can perhaps be traced to diff­
erences existing in te-parts of the program which have changed, such as FLWTPH,but which cannot be checked because there is no listing of that part of the program in 
the report-
It is noted that even though the answers obtained do not agree exactly with the sampleproblem they do look reasonable and the program appears to be executing properly.The validity of the program answers will be further checked under the £C971 IRAD pro­gram by running problems for which reasonable answers can also be determined by
hand calculations. 
This program is presently incorporated in the Convair library as Program P5241. 
3.3 EQUILIBRIUM RECEIVER TANK MODEL 
For resupply of a cryogenic tank in space the maximum tank pressure and transfertimes are the information needed. Implosion would not be a significant factor and there­fore a less sophisticated model than described in Paragraph 3.1 would be applicable
to a large share of the anticipated transfer problems. Also, in many cases the orien­tation of the receiver with respect to any acceleration vector is unknown and in this 
case a fluid equilibrium model with complete mixing would be most applicable. Thissection describes the development of such a receiver tank program. This program isdesigned to be used with the NAS8-20362 line cilldown program in order to performoverall systems analyses. A tank model illustrating the important program variables 
is presented in Figure 3-1. 
mw , W 1%To' ho
 
INSULATION TwN Y4 
 0 T, 
Te 
Qjw 
4----TANK WALL 
TRANSFER LINE 
Figure 3-1. Receiver Tank Equilibrium Model 
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Definitions of the nomenclature used in the analytical development are presented 
below. 
A = surface area 
c = fluid specific heat at constant volume 
c = specific heat at constant pressure 
.D = diameter 
E = total energy of system 
h = specific enthalpy 
h = film heat transfer coefficientf 
L = length 
m = mass 
in = mass flow rate 
P = absolute pressure 
Q = heat transfer rate 
T = absolute temperature 
t = time 
u = specific internal energy 
v = specific volume 
V = volume 
A = finite difference 
A = latent heat of vaporization 
p = density 
Subscripts 
e = external orexit 
g = superheated gas in the tank 
i = in or inlet 
A = saturated liquid in the tank 
L = transfer line 
o '= outside or outlet' 
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S = saturated 
T = tank system taken as the fluid in the -tank 
v = saturated tank vapor 
w = wall 
x = estimated or guessed condition or property 
1 = conditions at state 1 or at the beginning of the current time step 
2 = conditions at state 2 or at the end of the time step 
An outline of the basic program steps is presented in Figure 3-2. The problem is
normally assumed to proceed from an all gas tank condition to a condition where liquid
and vapor both exist in the tank at saturation. It is further assumed that once liquid 
occurs in the tank there will always be liquid present from then on. There is, however,
the option to start the problem with liquid initially in the tank. This is illustrated in 
Figure 3 -2. The analytical procedures used in the various program steps are pre­
sented below.
 
The following basic energy and mass balance equations are used throughout the tank 
analyses.
 
E E 1 +Qi At+h.n At-h rh At (3-1)1 1 0 0 
mav= m V- V = Constant (3'-2) 
mT 2 = mTi + m. At - m0 At (s-3) 
E = mau 1 + rvUv where both gas and liquid (3-4) 
MI + mavin T I- exist in the tank ( 5) 
E =rmg 9gu (3-6) 
Inm = mnT where only gas exists in the tank (3-7) 
The inlet and outlet mass flow rates and the heat transfer rates are taken to be con­
stant over the time step, At. Calculations are made using real property data tables 
as listed below. 
1. Saturation properties of vapor specific volume (v ), vapor specific internal energy(u), latent heat of vaporization (X) and tremperalure (T ) as a function of pressure(P ). It is noted that since h = u + P and h= h + Xvalues of u, are obtained
 
from U,= u - X+ Ps (v -v ).
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sP 0exs Y e C u tproperties 
Peiform iitializingRet. calculations at itime zero. Eq. 3-8. 
hQiw, ino, he 
_ Call .subroutines to determine hi, 
Tet Yes 
Calculate tank properties and Incrment t litqutiad uateconditions at end of time step where
 
gas exists at states 1 and 2. Ref. 

Eq. 3-9. 
Increment t and updatetan 
wall empeatur~ .I /r 
Y Yes 
wall temperature.L~~Itn , 
• Output Data 
END 
Caltulate initial saturated tank 
data. 
s 
Calulae tank properties and condi­
tions at end of time step where gas 
whests at state and liquid at state 
2 e.E.31. 
and update'-rmntt=tAt 
takwi eprature. 
t tt+At 
Call subroutines to determine hi,1d2. Ref. Eq. 3- 1. 
Calculate tank properties and YsSo
conditions at end of time step 
where liquid ersts at states 
I and 2. Ref. Eq. 3-11. 
=IIncrement t t + At and update 
[tank wall temperature._ 
Ys 
Figure 3-2. Basic Equilibrium Tank Fill Analytical Steps 
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2. Superheated properties of specific volume and specific internal energy as a function 
of pressure and temperature. 
3..Integrated wall material specific heat as a function of temperature. 
3.3.1 INITIALIZATION OF THE TANK ENERGY CONDITIONS AT TIMEFor the present analysis it is assumed that at time zero any gas which is 
ZERO. 
initially pres­ent in the line is pushed into the tank by the relatively cold fluid advancing in the line.This is the same initializing assumption used in developing the NAS8-20362(Reference 3-4). programThe vapor initially in the line is assumed to be at the temperatureof the line wall and the fluid in the tank is at the temperature of the tank wall.initial line and tank fluid conditions The are independent of each other and either a liquid/
vapor mixture or all gas can exist in the tank. 
Where a superheated gas initially exists in the tank the following calculations are per­formed. 
1. Look up in the properties tables the initial values for vVL1
 
, gIu L1 ug
 Iasfunctions of the input data P Ll' 
 TLI PTI' TTl"
 
2. Calculate: 
V
T
 
In,
 
91 

~ Vgl 2 
7T D L 
VL LL 4 
V L 
InT2 IngI +ronLl 
VT
 
VT2 

m=T 
UT2 
 In 2mT
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It is noted that in this case the subscripts 1 and 2 represent initial conditions and 
conditions at problem time zero respectively. 
3. 	 Find the tank pressure and temperature conditions which will satisfy both the v 
and UT2 requirements. This is accomplished using the following iteration procedure. 
a. 	At v and TTX. find a corresponding value of PTX from the superheat tables. 
Forie firstguess let TTX = TT1. 
b. 	Then find u from the tables at T and P and compare with the value 
calculated Tq. 3-16. If Iur2 P Iis be 5-w a specified value the state con­
dition 2 is considered solved and TTX and PTX are the tank fluid values to be 
used at time zero. 
If Iu .- uTXI is too large then the following iteration steps are continued to findTso~~on. 
c. Find a local value of a by incrementing TTXand determining internal energy 
at constant specific voiume;
 
i.e., T' = TTX + constant
 
Find PTX at T'X and vT2 from tables and then uTX from tables at PTX and TTX 
TXuT UT12TXTX T 
ut -u 
c TX TXthen 
TTX
v TTX
 
d. 	Calculate a new guess for TT2 from 
UT2 uTX 
TX (TTX new VX + 
Then at the new TTX repeat the above steps until the -convergence criteria is met. 
It is noted that the above calculations are not performed if the initial line pressure 
PL1 equals zero or if liquid initially exists in the tank (VT, ! > 0). In the case of 
P = 0 the tank conditions at time zero are determined srictly from the input data 
andfor VTV 1> 0 saturated-properties are used. 
a.3.2 TEST FOR LIQUID AT STATE 2. This test is- accomplished whenever only 
gas exists in the tank at the beginning of the time step in question. The following 
calculations are performed. 
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1. 	 Calculate: 
At airoT2 I gl + 
VT2 - T 2 
Then 	if vT2 is less than the specific volume at the critical pressure liquid 
must 	be present. If vT2 is greater than the saturated specific volume at 
some reasonably minimum pressure such as 1 psia then a superheated gas 
is assumed to be present. 
2. 	 U VT2 falls between the above minimum and maximum values then calculate 
a value of specific internal energy at the end of the time step based on the 
assumption that all gas still exists at state 2; i.e., 
u m ug1 + rAi hi At - ;o h At + 4iW At 
g2 	 mT2 
3. 	 Determine a value of uVX , from the saturation tables, which corresponds 
to saturated vapor at a specific volume of VT 2 . If u VX is greater than u 92 then 
liquid must be present and if u VX is less than u g2 a superheated gas is present. 
There is also the possibility that uVX= ug2 for which case the equation is sol­
ved and a 100% saturated gas exists in the tank at state 2. 
3.3.3 CALCULATIONS WHERE ONLY GAS EXISTS IN THE TANK AT STATES I 
AND 2. In this case Eq. 3-9 is applicable and the actual tank pressure and tempera­
ture at state 2 must be found to satisfy the requirement for VT2 and Ug2 calculated 
above. The iteration and convergence procedure used is the same as illustrated in 
the case of the time zero initialization calculations where Eq. 3-8 was used to 
calculate the tank specific internal energy. 
3.3.4 CALCULATIONS WHERE GAS EXISTS AT STATE I AND LIQUID AT STATE 2. 
By combining Eqs. 3-1 through 3-7, as applicable to this case, the following equation 
was derived. 
(m 1 +xAt-ii1 At VT/V 	 g +i At - A t - V/ 
1- 2 	 u 1 V2 	 2 v2 
v 2 	 V1 2 
- Mgu - m' h. At + ih at- At =0 	 (3-10) 
3-11 
The left side of this equation is a unique function of PT2 at saturation and the above 
equation is thus solved for conditions at state 2 by iteration using the Newton-Raphson 
method in conjunction with the saturated properties tables. 
It is noted that the tank fluid conditions at the end of each time step are used as initial 
conditions for the following time step. And in the case where liquid is present, m 2 
and my2 are calculated from: 
Vv2
 
(1J_ 2 [m.1 V vi v2 0 1 t 
Vv2 = vT V 2 
v2 
my - W
 
mv2 
 Vv2 
The problem is terminated at a particular time or when the tank is full within a 
specified percentage of the total volume. 
3.3.5 	 CALCULATIONS WHERE LIQUID EXISTS AT STATES 1 AND 2. Combining 
Eqs. 3-1, 3-3, 3-4, and 3-5 and solving for conditions at state 2 at the end of the 
time step in terms of conditions at state 1 at the beginning of the time step, results 
in the following equation. 
Iv2 (Uv2-UP2) + mI 1 (u12 -u e ) + mvI (u12-uvl) +iu 1 2-h i ) At 
+ &xo(ho-U 2 )At - Qiw At = 0 
This equation demonstrates the required differential nature of the specific energy terms 
and that a common base is needed for both specific internal energy and enthalpy. Then 
including Eq. 3-2 in the development and rearranging terms results in the following. 
1 +.t-A 0 	 +.f£ +m i/m +mI-vl (V 2/Vv2)1 02o At-V/v 2\ Uz " /m l V " t VT/v\v /  2v 2() v2(vv	 2 /V12) ./ 
In - mva -mih At+ L h At-Q AtO (11) 
mvv 	 0(0 ­luIi 
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The Newton-Raphson iteration method is also used to solve this equation,in a manner 
similar to that used for Eq. 3-10. 
3.3.6 MAIN SUBROUTINE CALCULATIONS. Values for hi and Ini will be obtained 
from the line chilldown program incorporated into the present program as a subroutine. 
Additional subroutines are used to determine ino, ho, Qiw and Qow as described below 
A0 can either be input as a constant or determined for each time step from 
n = (input constant) PTI1 (3-12) 
Also, h00 can be input as a-constant or determined from 
h0 uvi PTi vi 
Qiw is calculated from; 
Qiw = hf (TTW - TT) Aw 
where hf and Aw are input constants. Similarly, 
" 
Qow = hfo Awo (Te TTv) 
where hfo, Awo and Te are input constants. The wall temperature is determined at each 
time step from a heat balance as follows: 
TTw at time zero is an input 
hw at time zero is then found from a Table of hw vs TTw 
A new wall specific heat or enthalpy (as used here) is then found from 
w-4 
w = hw + ITw
 
Then Tw2 is found from the wall property table. The table used represents integrated 
specific heat values over the temperature range anticipated. 
A sample problem solution along with a demonstration of the input procedure is 
presented in the following paragraph. 
3.3.7 SAMPLE PROBLEM. A sample problem input for which a solution was 
obtained is presented below. 
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&P$INLIST PLI 1±5. IPTI. 15. ,TLI. 540. ,TTi = 540v,.
 
e VT = 42.5 ,LL = 100. ,0L = 1.5 ,VTLi = 0.
 
e TIMEO= 0. ,TIMEND = 500. ,DTIME = 0. ,PRMULT = 1
 
roLCMULT =.
 
TOLl = 0.01 ,ITOL= 3 
SMOD =O. ,MODFLG =
 
rb TTW = 540. ,MTW = 50. 1
 
e HF 2.0 AAW = 59.
 
ro HFO 0.
 
FACTOR = d.9,
 
r$END
 
It is noted that the "namelist" input format is used. With this format the variables are 
input exactly as they are to be used in the program and separated by commas as shown
 
above. If an input variable required in the program does not appear in the namelist
 
input it is taken to be equal to whatever value is initially at that variable location in the
 
computer core. With the core initiallized to zero the initial value would thus be zero.
 
Also the variables can be input in any order desired.
 
The input variables used are defined below. 
PL1 = initial transfer line pressure, psia
 
PTI = initial tank pressure, psia
 
TLI = initial line temperature, R
 
TTI = initial tank tem erature, 0R
 
VT = zank volume, ft
 
LL = line length, ft
 
DL = line diameter, in.
 
VTL1 = volume of liquid initially in tank, ft3
 
TIMEO = time at start of problem, see
 
TIMEND = problem end time, sec
 
DTIME = calculation time step, see
 
PRMULT = print multiples of the time step
 
LCMULT= multiples of time step where line flow subroutine is called 
T0L1 = tolerance on internal energy convergence in superheat calculations, Btu/lb 
IT0L = accuracy parameter associated with the Newton-Raphson iteration procedure 
MOD = input mass outflow rate, lb/hr 
M0DFLG = flag to indicate method for calculating tank mass outflow
 
1 = input as constant (MOD)
 
0 = calculated from Eq. 7-12
 
TTW = initial tank wall temperature, 0R 
MTW tank wall mass, Ibm 
"HF = heat transfer coefficient between tank and fluid, Bta/hr-ft 2 _°F 
AF = heat transfer area between tank wall and fluid, ft 2 
HF0 = heat transfer coefficient between outside of tank and environment, 
Btu/hr-ft2A-F
 
FACTOR = fraction of tank liquid fill when problem is terminated
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A sample of the output obtained is presented in Figure 3-3, where 
VL2 = volume of liquid in the tank 
ML2 = .mass of liquid in the tank 
TT2 = temperature of tank fluid 
TTW = temperature of tank wall 
PT2 = tank pressure 
QIWD heat transfer rate between tank 'Wall and fluid Q0WD = heat transfer rate between tank wall and environment 
MID = mass inflow rate to tank 
HI = specific enthalpy at tank inlet 
Figure 3-3. Sample Problem Output Data 
TIME VL2 
 ML2 

(SEC] (CU-FT) (Lg)
0. . A. 
PT2 QIWD QOWO 

(PSIA) (RTU/HR) (BTUfHR)

1.5780172E+01 0. 0. 
TIME VL2 ML2 

(SEC) (CU-FT) (La)

i.QOOOOOOE+Qj. 0. 0. 
PT2 QIWD QOWNl 
(PSIA) (RTU/HR) (9TUfHR)
i.8±14122E+01 
-6.8566520E+02 0. 
TIME VL2 
 ML2 

(SEC) (CU-FT) (LB)

2,000000c'E+Gtj 0. 10 

PT2 QIWD QOWD

(PSIA) (RTU/HR) (BTU/HR)
2.4651039E+01 4,2377950E+04 0. 
TIME VL2 
 ML2 
(SEC) (CU-FT) (LB)
4.iOO00E+G2 0, 0., 
PT2 QIWD QOWD
(PSIA) (BTU/HR) (BTU/HP)
9.25433G E+Qj ±.4080893E+04 Do 
TT2 TTW
 
(DEG R) (DEG R)

5.458iiJ72E 02 5.402001'JOE+O2
 
MID HI
 
(LB/HR) (BTU/LB)

0. G. 
TT2 TTW 
(DEG R) (DEG R)
1o8±O5i56E-02 5,4018673E+02 
MID HI 
'(LB/HR) (BTU/LB)

2.0OOOOOUE+02 -1.096209I0E+02 
TT2 TTW
 
(DEG R) (DEG R)

i,450265E+02 5,2864589E+02
 
NID HI 
(LB/HR) (BTU/LB) 
2.,9000 EaG2 -±,0962000E 02' 
TT2 TTW
 (DEG RI (DEG R)
5.±237397E+ci 1.6360702E+02 
MID HI
 
(LB/HR) (BTU/LB)
 
2,O00000OE+02 -10 9620OEt02
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Figure 3-3. Sample Problem Output Data, Cont. 
TIME 

(SEC) 

4.200OOOEEE2 

PT2 

(PSIA) 

i.OC7305&E+02 

TIME 

(SEC) 

5.200-0000E+02 

PT2 

(PSIA) 

100302373E+02 

TIME 

(SEC) 

5.3000000E+02 

PT2 

(PSIA) 

±.0303406E+02 

TIME 

(SEC) 

5,4000000E+t2 
PT2 

(PSIA) 

1.0298304E+02 

TIME 

(SEC) 
i.iOOOOOOE+03 

PT)

(PSIA)
8 
.4682651E+01 

VL2 

(CU-FT) 

4.4510294E-G2 

QIWD 

(BTU/HR) 

i,3259650E+04 

VL2 

(CU-FT) 

i.6549137E+DO 

OIWD 

(BTU/HR) 

5,1333780E+03 

VL2 

(CU-FT) 

1.8428974E+00 

QIWD. 

(BTU/HR) 

4.594i958E+3 

VL2 

(CU-FT) 

2.0373344E+00 

QIWD 

(BTU/HR) 

3.7625145E+03 

VL2 

(CU-FT) 

1.3059686E+01 

QIW-

(BTU/HR)

2.2033480E+O 

ML2 

(LB) 

i5767359E-0i 

QOWD 

(BTU/HR) 

0. 

ML2 

(LB) 

5.8296958E+0O 

GOWn 

(BTU/HR) 

0. 

ML2 

•(LB) 

6.4918645E+00 

QOwn 

(BTU/HR) 

g. 

ML2 

(LB) 

7.1777850E+00 

QOWO 

(BTU/HR) 

0. 

ML2 

(LB)

4
.8109059E+1 

QOND
(BTU/HR) 

, 

TT2 TTW
 
(DEG R) (DEG R)
 
592150971E+D1 1.564202iE+O2
 
MID HI
 
(LB/HR) (BTU/LB)
 
2.OVOOODE+02 
-i.O962OUOE+02
 
TT2 'TT
 
(DEG R) (DEG R)
 
5.2414578E+01 9.1348441E+01
 
MID HI­
(LB/HR) (BTU/LB)

'2.0000000E+02 
-i0962000E+02
 
TT2 TTW
 
(DEG R) CDEG R)

5.2415765E+01 8.4301481E 01
 
MID HI
 
(LB/HR) (8TU!Le)
 
2.9OO000E+02 
-i.0962000E+02
 
TT2 TTN
 
(DEG R) (DEG R)
 
5.2409900E+0i 77333862E+0i
 
MID HI
 
(LB/HR) (BTU/LB)
 
2.0000000E+02 
-1.0962000E+C2
 
TT2 TTW 
(DEG R) (DEG R)
5.0306271E+01 5.0491099E+oj 
MID HI
(LB/HR) (BTU/La)

20000000oE+02 -1.0962000E+02
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it is seen from the Figure 3-3 data that for this particular case the tank fluid 
temperature drops quite rapidly at the start of fill while the wall temperature 
reaction is relatively slow. Liquid begins to accumulate in the tank at 420 seconds. 
The tank pressure rises continuously to 103 psia at 530 seconds at which time it 
begins to drop. At 1,100 seconds the tank is approximately one-third full and the 
pressure has dropped to 84.7 psia. Energy balances made by hand calculations 
indicate the above data to be correct. 
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SECTION 4 
HIGH PRESSURE TRANSFER ANALYTICAL DEVELOPMENT 
The work presented in this section was performed under the Convair 1970 IndependentResearch and Development (IRAD) program and is reported herein only for reference 
as it relates to the pertinent subject of cryogenic propellant transfer in space. 
To replenish depleted supercritical cryogen tanks under low-g conditions one proposed
method is to transfer the fluid under high pressure (supercritical) conditions. The
collection and orientation problems peculiar to low-gravity liquid transfer are thus
avoided. In addition, since the fluid is always single phase, analyses of the transfer 
process can be performed as if the fluid were gaseous even though its density will
often be closer to the liquid state. This section describes the computer code
PLUMBER which has been written to simulate high pressure systems for the purpose
of evaluating this mode of low-g fluid transfer. 
4.1 TANK THERMODYNAMICS 
Considering the tank as a control volume the unsteady energy equation can be written 
dU =(h + Ve2 /2g) dm + dQ (4-1) 
If the kinetic energy is negligible equation 4-1 can be written 
dU=hidni-h o dm o dQ+ (4-2) 
where the first two terms on the right-hand side of (4-2) represent the energy carried 
into and out of the control volume. A rearrangement of variables gives 
mtdu = (ui + pivi - ui) dm i - (uo + PoVo - ut) dmo + dQ (4-3) 
Since uig ut , u. = ut, and 
du = (Bu/ap)p dp + (u/B p)p dp (4-4) 
we can write (9-3), after dividing by dt, as 
mt.f )p m (\LUf+ =(u~ u~+ P1 v) mi p~vorn0 + Q (4-5)
' 
-dt 
We assume that at = a where a is any fluid property. Using this and the relation 
PV - m we can collect terms to get 
P V!')dp+ o. -1. / 
a 1t ( np-to0 ) = 1 -(1 t) &I+ Ptvt (1hiho)+ Q (4-6) 
Now 
Ptvt =-Pt Lt Pt 
so that the next to last term in (4-6) can be combined with the last term on the left­hand side to form a partial derivative of enthalpy. Since this derivative can be
 
written
 
(a)=()+(.v) (t)+ (4-7) 
we have (Ijo-[P (Lh1V Pt 1)p + (h-t 33,+1 48 
With the definitions 
A=J73h) P(4-9) 
B = qY~p(4-10) 
the general expression for pressure change in a tan! with inflow and outflow is thus 
ZP= Pt (mo-) B + J (h,-ht) i +.J 
at (Pt A-1) V (4-11) 
Equivalently, the heat required to maintain constant pressure is 
&t1-i*) B + (ht-h,)A (4-12) 
4.2 PIPE FLOW EQUATIONS 
The governing equations for one dimensional steady flow of a real, compressible gasIn a constant area duct are listed below. (In this section.u denotes the velocity and 
not Internal energy) 
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dh + udu = dQ (energy) (4-13) 
pudu + dp + 1 u2 =0momeu 
2 D onum, (4-14) 
udp + pdu (continuity) (4-15) 
Choosing p and p as the independent thermodynamic variables we can write 
dh=( p)P dp l-)pdp (4-16) 
or 
dh = Adp + Bdp 
Using this and dividing (4-13) by ppu 2 dividing (4-141 by pu2 Pu2 , , and dividing (4-15) bythe three governing equations are 
A dp +B +1 du2dP dQ
 
pu2 p pa 2 p 2pp U 2 ppu 2 "
 
I-Ldp 
 P fdx
u2 p 2p D (4-17) 
U
 
U 

d_+ 1 du2
 
p 2 2 =
 
The system (4-17) can be solved by substitution for the variables dp/p, dp/p,du2 /u 2 (Reference 4-1), and 
If we define the dimensionless groups 
Pu 2 
2gcc
-1 gp B 
2 
u
 
Ati
 
D
 
cdQa *[pA" +2 

D ­
4-,3
 
The .formulas for the change of the three dependent variables are 
dp _- (g+ F) (4-18) 
pp. (4-18) 
dp 
 1
 
du2 
- = (4-20) 
U. 
These relationships differ from those in Reference 4-1 due to the fact that we cannot 
consider the worldng fluid as an ideal gas. 
Knowing dQ and fl/D and the fluid conditions at the entrance of the tube, the exit 
conditions can be computed by the finite-difference versions of equations 4-18, 4-19, 
and 4-20, listed below. 
Pj+1 pj + F1) P1J (4-21) 
Pj +f :1 - . p. (4-22) 
2 2 
u. =u. + fU (4-23)
1+ 1 1 
The bar superscript indicates an average' between node j and j+l. 
4.3 THERMODYNAMIC DATA 
Supercritical pressure fluid transfer will .occur at pressures and temperatures where 
the gas compressibility factor differs very seriously from 1.0. Thus use of the ideal 
gas relationships are most inappropriate. This is why the development in Sections 
4-1 and 4-2 included the functions A and B instead of their relatively simple ideal 
gas counterparts. 
Tables of the functions, T, h, A, B, c, and v were constructed so that they could be 
used with p and p as independent variables. These tables range in pressure for H2 
from 10 psia to 5000 psia, for N2 from 10 psia to 3000 psia,. and for 02 from I to 
330 atmospheres. References 4-2, 4-3 and 4-4- supplied the basic data for the first 
four properties, and Reference 4-4 was used for the speed of sound, c in 02. 
Reference 4-5 supplied the remaining basic data. 
A and B were computed by taking finite differences and the resulting data points did 
not always form smooth curves. The data were thus smoothed to correct this 
deficiency (casued by insufficient raw data from which to work) by a routine using a 
least squares fit to a parabola. 44 
Data within the vapor dome were not used, but the plots cover this region since it was 
not feasible to mask it out. The result is that for "wet" conditions the plots sometimes 
appear to be irregular. This can be seen, for instance, in the curves for A in H2 at p = 0.07, 0.08, 0.10. At 10 psia this data would'not be used since the fluid here is 
two-phase. For smoother data in this region, if "wet" properties were desired, it 
would be wise to correct the curves by. supplying raw data for T (p, p) and h (p, p) 
within the vapor dome. 
4.4 THE PLUMBER CODE 
PLUMBER consists of a main program which controls the calculations, and several 
subroutines, each of which simulates a particular operation or piece of hardware. 
The subroutines are constructed so that the main program can be easily written to 
simulate a wide variety of tank and connecting line arrangements. A simplified flow 
diagram is shown in Figure 4-1. 
Read and Print Initial Data 
SUBROUTINE PIPE 
Compute Flcw Rates in all Pipes 
Compute Density Changes in All Tanks 
[ SPBROUTINE TANK Compute New Tank Fluid Conditions 
SUBROUTINE WRENCH
 
Compute Heat Transfer Between Fluid and Tank
 
t =t + 6t 
Print Output 
L No Time Yes 
to Stop YSOP 
Figure 4-1. Basic PLUMBER Flow Chart 
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4.4.1 	 SUBROUTINE TANK. This routine uses equations 4-11 an4 4-12 to compute 
=tank fluid properties. Acode variable for each tank called KP is tested. If KP 1 
the routine uses an input-heat rate and solves for a new bottle pressure using a finite 
difference version of equation 4-11. If KP = 0 the routine calculates the amount of 
heat, per time step, required to maintain constant tank pressure using equation 4-12. 
TANK is called separately for each tank, and any -combination of KP codes can be used. 
Values of KP can be changed in the main program (PLUMBER) if desired. Properties 
used in these calculations are assumed to be constant over the time step. 
4.4.2 SUBROUTINE PIPE. Given the inlet and exit pressures and inlet fluid 
conditions PIPE finds the mass flow rate by iteration. The user specifies the 
diameter and length of the tube and the number of finite difference sections desired; 
accuracy increases with the number of flow sections. Equations 4-21, 4-22 and 4-23 
are used to determine the fluid properties at each section. Newton's method is used 
to satisfy the equation 
DP (m) 0 	 (4-24) 
in the usual manner 
. i+1 .i 
S m - (DP/DP') (4-25) 
except that DP t is approximated by finite differences as 
DP DP (m + in) - DP() 	 (4-26), 
where DP is defined as the error in pressure at the end of the pipe, and ! is the 
iteration number. In reality more than one iteration is required for each i because 
convergence of Ti to 1/2 (Pi + pi+I), for example, is not instantaneous, especially 
when the fluid velocities approach the speed of sound. 
This procedure is for steady flow and the assumptions regarding its use In a time 
dependent calculation must be specified. In general, acceptable accuracy will 
result if the time steps are small compared with the time scale of tank property 
changes and if the time steps are large compared with the time scale of heat transfer 
Into the pipe. For the present study these conditions will prevail for most of the cases 
to be run. Tests are planned for investigation of the effect of time step on program 
accuracy by computing a typical case with different time steps. The results should 
materially aid in increasing the program efficiency. 
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4.4.3 INPUT DESCRIPTION. 
Card Type #1 (SAlO) 
80 column alphanumeric title used for problem identification. 
Card Type #2 (2110, E10.0) 
ITUB = number of pipes in problem (10 maximum). 
JBOT number of tanks in problem (10 maximum). 
DT = time step (seconds). 
Card Type #3 (215, 7E10.0) 
J = tank number. All entries on this card apply to tank J. 
KP(J) = KP code: 
1= pressures calculated in tanks for constant heat rate input 
0 = heat calculated for maintaining constant tank pressure 
PB(J) = initial tank pressure (lbf/ft2 abs) 
DB(J) = initial density (lbm/ftS)
 
VB(J) = tank volume (ft3 )
 
HEAT (J) = heat rate to tank fluid (BTU/sec)
 
HB(J) = heat transfer coefficient between tank wall and fluid (BTU/sec-ft2 -°R)
 
AB(J) = inside surface area of tank (ft 2 )
 
WB(J) = tank wall mass (Ibm)
 
NOTE: There will be JBOT'cards of this type.
 
Card Type #4 (2110, 4EI.0, 2110) 
I = pipe number. All entires on this card apply to pipe L
 
NS (1)= number of flow sections (59 maximum)
 
MD0fT(I) = iniital guess for mass flow rate (Ibm/see)
 
L(I) = length of flow section (ft)
 
D(I) = diameter of pipe (ft)
 
DQ(I) = heat flow per section (Btu/see-section)
 
JBIN(l) = number of tank supplying fluid to pipe I
 
JB0UT(I) = number of tank receiving fluid from pipe I
 
NOTE:. There will be ITUTB cards of this type.
 
4.4.4 OUTPUT DESCRIPTION. For each time step the following is printed: 
Time (Seconds) 
4-7 
For each tank:
 
Pressure - lbf/ft2 abs
 
Density - Ibm/ft3
 
Temperature of the fluid - OR
 
Heat - Bt (heat added is positive) 
Tank metal temperature - OR 
Heat transferred to fluid from tank metal - Btu (heat leaving metal is 
positive) 
Mass of fluid in tank - lbm 
SUMH, integrated heat supplied to or removed from fluid - Btu 
For each pipe:
 
Number of iterations
 
Mass flow rate - ibm/sec
 
At each section:
 
Pressure - lbf/ft2 abs
 
Density - Ibm/ft3
 
Velocity - ft/sec
 
Mach No. - dimensionless
 
Temperature - OR
 
4.5 SAMPLE PROBLEM 
Use of the PLUMBER code is illustrated in the following problem: Two tanks, each 
with a volume of 42.5 ft3 , are connected by a 100 ft long 0.1 ft diameter pipe. The 
transfer line receives heat at 0.05 Bta/sec for each 1 ft long section. Pressure and 
density of hydrogen in the two tanks are 400 psia at 4 lb/ft 3 and 300 psia at 1 lb/ft3 . 
Surface area and mass of both tanks are 59 ft2 and 225 lbs. Heat between the tank 
wall and the bottle flows with a coefficient of 2 Btu/hrft2 -°R. Tank number-i discharges 
fluid into transfer line number 1 and the tank pressure is to remain constant. 
Transfer line 1 empties into tank 2 where the heat rejected is~to be zero and the 
pressure rise is to be computed. 
The above conditions are supplied on data cards as described in Section 4.4.3. 
To specify the working fluid the BLOCK DATA deck and subroutine PROP for 
the particular fluid must be used. Local problem controls are specified by coding 
in the main program. For this problem a request to stop execution - when density 
for the fluid in tank no. 1 has fallen below 0.005 has been coded.. In addition we 
desire the pressure in tank no. 2 to not rise above 300 psia. 
When flow begins, cold gas from tank 1 is delivered to tank 2 and the pressure in the 
receiving tank drops. This causes a flow rate increase. At about 4 seconds the 
pressure in tank 2 starts to rise from a minimum of 270 psia and at 10 seconds has 
reached 300 psia. During this time about 35 lbs of fluid have been transferred and 
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7050 Btu have been ddded to tiahk no. 1. No heat has been removed from tank no. 2. 
At 58 seconds where the test case was arbitrarily stopped, 136 lbs of fluid have been 
transferred and 23,546 Btu have been supplied to the first tank to keep its pressure 
constant. To keep the second tank pressure from rising above 300 psia a total of 
25, 795 Btu have been removed.; For this run the heat absorbed by the tank walls is 
small. Selected portions of the PLUMBER program output are shown in Figure 4-2. 
These results agree well with-the data presented in Reference 4-6 and show that 
considerable heating and refrigeration is required to accomplish the transfer. With 
the high rate of transfer in this problem the heating rates needed are prohibitively 
high. An actual fluid transfer would thus be designed to take place more slowly, using 
smaller transfer lines, throttling valves or a smaller pressure difference between the 
tanks. 
4.6 NOMENCLATURE 
A thermodynamic function - ft 3 /ibm 
B thermodynamic function - ft2 lbf/Ibm 
c sound speed - ft/sec 
D pipe diameter - ft 
dQ heat - BtuAbm 
dx flow length - ft 
f friction factor - dimensionless 
32.2 !bmft 
go conversion factor from Ibm to lbf ( lbf sec 
h enthalpy - Bta/lbm 
J mechanical equivalent of heat ( = 778 ft-lbf/Btu) 
m mass - Ibm 
]A mass flow rate - Ibm/sec 
p pressure - Ibf/ft
2 
Q heat - Btu 
4heat rate - Btu/sec 
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ITUB = i Figure 4-2. Hydrogen Test Case, Superaritical Flow Between Two Tanks
 
JBOT 2
 
OT 2.OOOE400 
AE HwBOT. KP PRESSURE DENSITY VOLUME HEAT HO 
5.90OOEt0i 2.2500E+02
I 0 5.7600E+04 4.OOOOE+00 '.2500E+± 0. 5.56OOE-04 
.5600E-04 5.900E+01 2.2500E+02
2 1 4.3200E+04 1.000OE00 4.2500E+oi 0.' 
TUE NO. NS HOOT LENGTH OIAM. HEAT JIN JBOUT
 
± to 3.3500E+0 1.OOOOE+Ot 1OUOOE-Oi 5.000OE-02 1 2
 
TIME = 0.0000 
TKET CHET
BOT. KP PRESSURE DENSITY TEMP HEAT 
0. 5.154nE+0± 0.1 0 5.7600E+04 4.00OE+O0 5.1548E+01 0.2 1 4.3200E+04 1.O000E+00 7.828iE+01 0. 7.828iE+01 
BOTTLE NO. MASS SUHH 
t 1.7000E+02 0. 
2 4.2500E+Oi 0. 
i 3.350000E+0o 2.14T774E+02 
TIMES = 5B.0000 
MOOT = ±.383i06E+00TTER'= 3 
MACH TEMP
4 PRES DENS VEL ±.044904+02I 5.760000E+04 8.370684E-O± 2.±037q6E+O2 9.291815E-02 1.039687E+02
 
2 5.641248E04 8.20307UE-Ot 2.146786E+02 9.SiBg69E-02 i.035350E*02
3 5.5tq05+04 8.0307±2E-0± 2.1q2853E+02 9.765Z43E-02 t.034877E02
2.241121E+02 1.001641E-01
5.395855E 04 7.85515iE-01 q G E41i 1.0340380E025 7.679886E-0± 2.29271E+02 .02.269065E+O4 
1.056295E-oi j.318q1E+026 5.iZ94645E04 7.503685E-Oi 2.346472E+02 i.0q6794E-Oi ±.02824iE*02
 7 5.006975F+O4 7.325457F-O± 2.403106E+02 

2.463344 +02 1.ii9995E-0 1.322544E'028 4.871536Ft04 ?.i44q30E-0 2.526647E+02 i.155475E-0± 1.016777E+02 q 4.733685E+94 6.96161i5E-O ±.O14417E*026.77479E-01 2.594363E+02 j.,92C4OE-Oi±0 4.591564E+04 t.C0385E+022.666737E+02 1.23216E-G±
It 4.446q±ZE+04 6.58394LE-01 
CHET
 
BOT. K'p POESURE DENqITY TEHP HEAT 
TMET 
6.5074E+01 -1.3013E+00
3.2557E+02
t a 5.7600E+04 8.0452E-01 1.0656E+02 7.24642+0 8.6535E-01 2 0 4.4375E+04 4.i955E+00 4.554GE401 -7.4658E+02 
HSS SUHH
BOTTLE NO. 

1 3.41q2E+ i 2.3546E+04
 
2 i.7831F402 -2.5795E 04
 
TUBE 'NO. MOOT
 
i 1.3n31FE+00
 
T temperature- R 
t time - sec -
U internal energy - Btu 
u specific internal energy - Btu/lb 
u velocity - ft/sec 
V volume - ft 3 
Ve velocity - ft/sec 
v specific volume - ft3 /ib 
1dynamic viscosity - Ibm/ft - sec 
density - ibm/ft3 p 
t time step - seconds 
Subscripts 
i in 
o out 
t tank 
j denotes beginniig of 1th pipe node 
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SECTION 5
 
PROGRAM COST DATA
 
The following cost data estimates are presented as required by the NAS8-26236 
contract document. All costs are approximate and are without fee. 
I. Expenditures to date: $6, 000 
2. Estimated funds to completion: $26, 966 
3. Problem areas: None 
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SECTION 6 
WORK TO BE PERFORMED 
During the next month detail system definitions and analysis will be initiated 6n 
the complete high pressure and intermediate pressure systems using the 
analytical models described in Sections 3 and 4 of this report. 
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